O besity is a key risk factor for metabolic diseases, including hyperlipidemia, atherosclerosis, hypertension, insulin resistance, and type 2 diabetes (1, 2) . During the past few decades, the mechanisms linking obesity to metabolic diseases have been intensively investigated, and accumulating evidence suggests that the adipose tissue of the obese exhibits chronic and low-grade inflammation, which is closely associated with metabolic dysregulation (3) . In obesity, adipose tissue macrophages (ATMs) produce various proinflammatory cytokines and chemokines, such as tumor necrosis factor alpha (TNF-␣) (4), interleukin-6 (IL-6), and monocyte chemoattractant protein 1 (MCP-1), whose elevation mediates metabolic dysregulation and insulin resistance (5) (6) (7) (8) . Accordingly, MCP-1 and CCR2 (MCP-1 receptor) knockout mice are protected from insulin resistance and have a decreased number of ATMs, suggesting that proinflammatory cytokines and chemokines are essential for the recruitment of ATMs and disruption of insulin sensitivity in obesity (6, 7) .
Macrophages are the major effector cells that constitute the innate immune system and perform multiple roles, such as phagocytosis, secretion of cytokines and chemokines, and antigen presentation, when they recognize pathogens or cellular debris (9) . These responses are mediated by the generation of reactive oxygen/reactive nitrogen species (ROS/RNS), such as superoxide (·O 2 Ϫ ), hydrogen peroxide (H 2 O 2 ), nitric oxide (·NO Ϫ ), and peroxynitrite (ONOO Ϫ ) (10) , which play a key role in killing bacteria and delivering signals as second messengers (11) . ROS and RNS participate in various signaling pathways by activating and phosphorylating mitogen-activated protein kinases (MAPKs), including extracellular signal-regulated protein kinase (ERK), c-Jun Nterminal kinase (JNK), and p38 MAPK isoforms. In addition, ROS contributes to the regulation of gene expression through modulation of several transcription factors, including NF-B (12), c-Fos, and c-Jun (13) , which are responsible for the expression of proinflammatory cytokines, chemokines, and signaling components.
Endogenous ROS is generated by both nonenzymatic and enzymatic reactions (14) . Mitochondria are a major source of nonenzymatic ROS production (15) . However, in macrophages, abundant ROS is generated by enzymatic reactions of multicomponent NADPH oxidase 2 (NOX2) (16) . Upon phagocytosis and/or various stimuli, NOX2 transfers 1 electron from NADPH to oxygen to generate a superoxide anion. In addition, endogenous nitric oxide is enzymatically produced by inducible nitric oxide synthases (iNOS) through the oxidation of L-arginine in the presence of oxygen and NADPH (14) . Because NOX2 and iNOS require NADPH in common, sufficient NADPH is necessary to produce cellular ROS and RNS in macrophages.
Glucose-6-phosphate dehydrogenase (G6PD), the first and rate-limiting enzyme of the pentose phosphate pathway (PPP), is a key enzyme in the generation of cytosolic NADPH. G6PD participates in multiple metabolic pathways, such as reductive biosynthesis, regulation of oxidative stress, and cellular growth. We previously demonstrated that G6PD is highly expressed in the adipocytes of obese animals, and its overexpression in adipocytes impairs lipid homeostasis and adipocytokine expression, resulting in insulin resistance (17) . We also showed that increased adipocyte and pancreatic ␤-cell G6PD is closely associated with oxidative stress in the onset of metabolic disorders (18, 19) . However, the functions of macrophage G6PD in pathophysiological conditions such as obesity have not been fully elucidated. Since oxidative stress is a critical factor in the regulation of macrophages' proinflammatory roles, we hypothesized that macrophage G6PD might be a crucial enzyme that affects cellular redox and inflammatory cascades in response to metabolic changes.
In the present study, we demonstrate that macrophage G6PD is involved in the proinflammatory responses, accompanied by oxidative stress. G6PD is highly expressed in ATMs, and its expression level is significantly higher in obese animals. In macrophages, G6PD stimulates the expression of ROS-and RNS-producing genes and increases the levels of inflammatory cytokines, including IL-6, IL-1␤, MCP-1, and TNF-␣, which attenuate insulin signaling in adipocytes. Furthermore, macrophage G6PD activates p38 MAPK and NF-B, which are key regulators of oxidative stress and proinflammatory responses. Taken together, these data suggest that macrophage G6PD enhances oxidative stress and inflammatory signaling, which may lead to insulin resistance in the adipose tissue of obese animals.
MATERIALS AND METHODS
Animals. C57BL6/J mice were purchased from Central Lab Animal Inc. (Seoul, South Korea) and were housed in colony cages in a 12-h light/12-h dark cycle. After a minimum of 1 week for stabilization, the mice were fed a normal chow diet (NCD) or high-fat diet (HFD) for 10 weeks (Research Diets Inc., New Brunswick, NJ). Eight-week-old C57BLKS/J-Lepr db / Lepr db mice were obtained from Central Lab Animal Inc. (Seoul, South Korea). All animal procedures were in accordance with the research guidelines for the use of laboratory animals of Seoul National University.
Reagents and inhibitors. Dehydroepiandrosterone (DHEA), 6-aminonicotinamide (6-AN), lipopolysaccharide (LPS), N-acetyl-L-cysteine (NAC), hydrogen peroxide, NADPH (NADP, reduced), free fatty acid (FFA) (palmitic acid), SB 203580, PD 98059, and SP 600125 were purchased from Sigma (St. Louis, MO).
Cell culture. RAW 264.7 macrophages were purchased from the American Type Culture Collection (Manassas, VA). RAW 264.7 cells were grown in Dulbecco's modified Eagle's medium (DMEM) (HyClone, Logan, UT) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml streptomycin. Cells were maintained at 37°C in a humidified atmosphere containing 5% CO 2 . 3T3-L1 preadipocytes were maintained in DMEM supplemented with 10% bovine calf serum. To differentiate 3T3-L1 cells, they were grown to confluence and stimulated with DMEM containing 10% fetal bovine serum, dexamethasone (1 M), methylisobutylxanthine (520 M), and insulin (167 nM) for 48 h. Then, the culture medium was exchanged for DMEM containing 10% fetal bovine serum and insulin (167 nM) for another 48 h, and 3T3-L1 cells were maintained with DMEM containing 10% fetal bovine serum.
Fractionation of mouse adipose tissues. To prepare stromal vascular cells (SVCs) from adipose tissue, mice were sacrificed. Gonadal fat pads were isolated and incubated in 30 ml of collagenase buffer (0.1 M HEPES, pH 7.4, 0.125 M NaCl, 50 mM KCl, 1.3 mM CaCl 2 , 0.5 M glucose, 0.45 g bovine serum albumin [BSA] , and 30 mg of collagenase) at 37°C for 40 min with shaking and shearing. Then, the treated tissues were filtered through 100-m-pore-size nylon mesh to remove debris and centrifuged at 930 ϫ g for 3 min. SVCs were obtained in the pellet. To remove red blood cells (RBCs), the pellet was incubated in RBC lysis buffer (1.7 M Tris, pH 7.65, and 0.16 M NH 4 Cl) for 15 min. After RBC lysis, the SVCs were washed several times with phosphate-buffered saline (PBS).
Flow cytometry analysis. For macrophage G6PD analysis, SVCs were stained with CD11b (BD Bioscience, San Jose, CA) and F4/80 (eBioscience, San Diego, CA) monoclonal antibodies (MAbs) for 20 min at 4°C. After mild washing, SVCs were fixed and permeabilized with BD Cytofix/ Cytoperm, following the manufacturer's instructions (BD Bioscience, San Jose, CA). G6PD antibody purchased from Abcam (Cambridge, United Kingdom) was used to stain intracellular G6PD. SVCs were analyzed using the fluorescence-activated cell sorting (FACS) CantoII instrument (BD Bioscience, San Jose, CA).
Isolation of peritoneal macrophages. Mice were stimulated by an intraperitoneal injection of a thioglycolate solution (3 ml per mouse) and kept under pathogen-free conditions for 3 days before peritoneal macrophage isolation. Total peritoneal macrophages were harvested by washing the peritoneal cavity with PBS containing 30 mM EDTA (8 ml per mouse). The peritoneal wash fluid was centrifuged, and the cells were suspended in RPMI 1640 medium (HyClone, Logan, UT) with 10% FBS (HyClone, Logan, UT), 100 U/ml penicillin, and 100 mg/ml streptomycin. Peritoneal macrophages were maintained at 37°C in a humidified atmosphere containing 5% CO 2 . Nonadherent cells were removed after the cells firmly adhered to culture dishes.
qRT-PCR analysis. Total RNA was isolated from RAW 264.7 macrophages, mouse peritoneal macrophages, and SVCs using Isol-RNA lysis reagent (5 Prime, Hamburg, Germany). cDNA was synthesized using Moloney murine leukemia virus (M-MuLV) reverse transcriptase (Fermentas, Glen Burnie, MD). For quantitative reverse transcription-PCR (qRT-PCR) reactions, the amplification was performed with SYBR green for 35 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 30 s, followed by a final extension at 72°C for 5 min. The primers were designed and synthesized by Bioneer (Daejeon, South Korea), and the primer sequences are shown in Table S1 in the supplemental material.
Measurement of cellular nitrate and ROS levels. Nitrite was measured using the Griess reaction (20) . Culture media (100 l) were collected and incubated with an equal volume of Griess reagent for 10 min at room temperature. The nitrite concentration was determined by the absorbance at 550 nm, using sodium nitrite as a standard. Cellular ROS was measured using chloromethyl-2=,7=-dichlorodihydrofluorescein diacetate (chloromethyl-H 2 DCFDA) (Invitrogen, Grand Island, NY). RAW 264.7 macrophages and peritoneal macrophages were incubated with DCFDA in the dark for 20 min and washed with PBS. Cells were detached from culture dishes and suspended in ice-cold PBS for fluorescence measurement using flow cytometry (BD Bioscience, San Jose, CA).
Measurement of cytokine secretion. Secretion of IL-6 and MCP-1 into conditioned medium was measured with an enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's instructions (BioSource, Grand Island, NY).
Western blot analysis. Western blot analysis was performed as previously described (21) , with a minor modification. The cells were lysed with TGN buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% Tween 20, 0.2% NP-40, and protease inhibitor cocktail [GenDepot, Houston, TX]) and subjected to Western blotting. Equal amounts of protein (50 g) were separated on SDS-PAGE gels and transferred to polyvinylidene difluoride (PVDF) membranes. The blots were blocked with 5% nonfat milk in TBST (25 mM Tris, pH 8.0, 137 mM NaCl, 2.7 mM KCl, and 0.1% Tween 20) at room temperature for 30 min, followed by overnight incubation with primary antibodies at 4°C. After washing 3 times with TBST, the blots were hybridized with horseradish peroxidase-conjugated secondary antibodies (Bio-Rad, Hercules, CA) in 5% nonfat milk dissolved in TBST at room temperature for 2 h and washed 3 times with TBST. The results were visualized with enhanced chemiluminescence. G6PD and ␤-actin antibodies were purchased from Sigma (St. Louis, MO); phospho-AKT, phospho-glycogen synthase kinase 3␤ (phospho-GSK3␤), phospho-JNK, and phospho-ERK antibodies were purchased from Cell Signaling Technology (Danvers, MA); AKT, GSK3␤, and phospho-p38 MAPK antibodies were purchased from BD Bioscience (San Jose, CA); and iNOS, p38 MAPK, ERK, and JNK antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Adenovirus infection. G6PD adenovirus (Ad-G6PD) was produced by Neurogenex (Seoul, South Korea). G6PD cDNA was fused in frame with a FLAG epitope tag at its NH 2 terminus, which was cloned into an adenoviral vector, pEntrBHRNX. An empty adenovirus vector (Admock) was used as control. For adenoviral infection, primary macrophages were incubated with serum-free DMEM and adenovirus for 12 h at 37°C. Then, the culture medium was replaced with fresh medium. Each experiment was performed 48 h after viral infection.
Transfection with DNA and siRNA. DNA and small interfering RNA (siRNA) were delivered into RAW 264.7 macrophages using electroporation, and then the experiments were conducted at least 24 h after transfection. Mouse G6PD cDNA was cloned into pcDNA3.1 (Invitrogen, Grand Island, NY). The sequences of the siRNAs targeting G6PD (siG6PD) and the p50 subunit of NF-B (siNF-B p50) are provided in Table S2 in the supplemental material. As a negative control, siGFP or siNC, neither of which has a target sequence in the mouse genome, was used for transfection experiments.
Conditioned-medium experiment. RAW 264.7 macrophages were transfected with enhanced green fluorescent protein (EGFP) or G6PD expression vector, and conditioned media were collected 24 h after transfection. Fully differentiated 3T3-L1 adipocytes were incubated with conditioned media for 24 h and stimulated with insulin (100 nM) for 30 min.
Analysis of human fat tissue. The present study was performed in accordance with the Declaration of Helsinki and was approved by the Ethical Committee on Human Research of Kyoto University Graduate School of Medicine (2004; no. 553). Signed informed consent was obtained from all subjects. Seventy Japanese subjects (32 men and 38 women; ages, 47 Ϯ 1.9 years; body mass index [BMI], 28 Ϯ 1.0 kg/m 2 [range, 18 to 55 kg/m 2 ]) were recruited for the study. Among the subjects, 41 with a BMI of 24 to 55 kg/m 2 were admitted to the Division of Endocrinology and Metabolism of Kyoto University Hospital for the treatment of obesity, hypertension, dyslipidemia, or type 2 diabetes mellitus. Waist circumference was measured at the umbilicus in an upright position. Blood samples were obtained at 0800 h after fasting overnight and 3 days before the adipose tissue biopsies. Subcutaneous-and visceral-fat areas were evaluated at the umbilical level by computerized tomography (n ϭ 33) (Toshiba Medical Systems, Tokyo, Japan). Subcutaneous abdominal adipose tissue (SAT) biopsies were done in the morning after breakfast. The SAT (ϳ2 g) was removed from the periumbilical region under local anesthesia (1% lidocaine). Samples were immediately frozen in liquid nitrogen and stored at Ϫ80°C until use.
Whole-mount immunohistochemistry. Mice were anesthetized by an intramuscular injection of a combination of anesthetics. After fixation by vascular perfusion of 1% paraformaldehyde in PBS, adipose tissues were isolated. The whole-mount tissues were then incubated for 1 h at room temperature with a blocking solution containing 5% goat serum (Jackson ImmunoResearch) in 0.3% PBS-Tween (PBST). After blocking, the whole-mount tissues were incubated overnight at 4°C with antibodies against F4/80 (clone Cl:A3-1, diluted 1:1,000; Serotec) and G6PD (diluted 1:500; Bethyl). After several washes with PBST, the whole-mount tissues were incubated for 1 h at room temperature with secondary antibodies, namely, Cy3-or Cy5-conjugated anti-rat antibody or anti-rabbit antibody (diluted 1:500; Jackson ImmunoResearch). The signals were visualized, and digital images were obtained using a Zeiss ApoTome microscope and a Zeiss LSM510 confocal microscope equipped with argon and helium-neon lasers (Carl Zeiss).
Luciferase assay. An NF-B-luciferase reporter gene and EGFP or G6PD were cotransfected into RAW 264.7 macrophages by electroporation. After transfection, each group was treated with DHEA, 6-AN, or SB 203580 for 24 h. Luciferase assays were performed, and the results are expressed as relative luciferase units (luciferase activity/g protein).
RESULTS
Macrophage G6PD expression is higher in obese subjects. Previously, we reported that G6PD expression is elevated in the adipose tissue of obese and diabetic db/db mice (17). To investigate whether the level of G6PD expression in ATMs is correlated with adiposity, G6PD mRNA levels were measured in the SVC fractions of epididymal fat tissues from obese-mouse models, such as HFDfed mice and db/db mice. Compared to lean mice, obese mice had higher levels of G6PD mRNA in the SVC fractions of fat tissue (Fig. 1A and B) . In addition, to examine the level of G6PD protein in ATMs, we stained SVC fractions from lean db/ϩ or obese db/db mice with fluorescence-labeled antibodies against macrophage marker (CD11b and F4/80) and G6PD. By flow cytometry, CD11b and F4/80 double-positive cells were selected to measure the level of G6PD protein. As shown in Fig. 1C , the level of ATM G6PD protein was higher in db/db mice than in db/ϩ mice. To confirm this, we also performed whole-tissue immunohistochemistry. Compared to lean mice, G6PD-positive signals were enhanced and were colocalized with CD11b-positive macrophages in the adipose tissue of db/db mice (Fig. 1D) . Similarly, G6PD was also increased and colocalized with macrophage marker in HFD-fed obese mice compared to NCD-fed lean mice (see Fig. S1 in the supplemental material). When G6PD expression was analyzed in human adipose tissue, the levels of G6PD mRNA were positively correlated with several indices of obesity-BMI, waist circumference, and visceral-fat area-but not subcutaneous-fat area, which is rarely associated with metabolic diseases (Fig. 1E ). In addition, insulin resistance, assessed by the insulin resistance index (IRI) and the homeostasis model assessment for insulin resistance (HOMA-IR), was positively correlated with the level of adipose G6PD mRNA (Fig. 1F) . Moreover, the mRNA levels of macrophage marker genes (CD68 and MAC1) and MCP-1 were positively correlated with the level of G6PD mRNA in human fat tissue (Fig. 1G) . These results indicate that G6PD expression is increased in the ATMs of obese subjects with insulin resistance.
LPS and FFAs stimulate macrophage G6PD expression. Expression of hepatic G6PD has been shown to be sensitively regulated by nutritional and hormonal states (22) . However, the specific stimuli responsible for the upregulation of macrophage G6PD in obesity have not been clearly addressed. To tackle this, RAW 264.7 macrophages were challenged with various stimuli associated with metabolic disorders, and the levels of G6PD mRNA and protein were examined by quantitative real-time PCR and Western blot analyses, respectively. In macrophages, FFAs and LPS augmented the levels of G6PD mRNA and protein, concomitant with increased proinflammatory cytokines, such as IL-6, MCP-1, TNF-␣, and iNOS, which are known to sensitively respond to both stimuli, FFAs and LPS ( Fig. 2A to D) . Similarly, G6PD expression was elevated by FFA in primary macrophages (see Fig. S2 in the supplemental material) . In contrast, large amounts of glucose or insulin did not alter G6PD expression in macrophages (see Fig. S3 in the supplemental material). These results imply that increase of macrophage G6PD in obesity might be induced by FFAs and LPS, which are also elevated in obese animals. Unlike G6PD, other cytosolic NADPH-producing enzymes, including isocitrate dehydrogenase 1 (IDH1) and malic enzyme 1 (ME1), were not significantly increased in macrophages by LPS (Fig. 2E) , suggesting that G6PD might be a key NADPHproducing enzyme that links extracellular stimuli with the inflammatory cascade in macrophages.
Macrophage G6PD regulates the expression of proinflammatory cytokines. To characterize the roles of macrophage G6PD, the effects of G6PD activation and inhibition on proin-flammatory responses were investigated. In macrophages, G6PD overexpression stimulated the expression of various proinflammatory cytokine genes, including IL-6, IL-1␤, MCP-1, and TNF-␣ genes (Fig. 3A) . Consistently, G6PD-overexpressing macrophages secreted high levels of IL-6 and MCP-1 (Fig. 3B) . To confirm the effect of macrophage G6PD on proinflammatory cytokine gene expression, G6PD expression was suppressed with siRNA. In G6PD-suppressed macrophages, both basal and LPS-induced IL-6 and MCP-1 mRNA expression was alleviated (Fig. 3C ). In agreement with these results, when the enzymatic activity of G6PD was repressed by DHEA or 6-AN, LPS-induced expression of IL-6 and MCP-1 decreased significantly ( Fig. 3D and E) . These results indicate that macrophage G6PD modulates the expression of proinflammatory genes. Given that proinflammatory cytokines produced from macrophages repress insulin signaling in adipocytes (7, 8, 23 , 24), we tested whether increase of macrophage G6PD might affect insulin signaling in adipocytes. As shown in Fig. 3F , conditioned media from G6PD-overexpressing macrophages decreased the phosphorylation of AKT and GSK3␤ in insulin-treated adipocytes. These results suggest that elevation of macro- phage G6PD would attenuate insulin sensitivity in adipocytes, probably through secretion of proinflammatory cytokines.
Macrophage G6PD augments oxidative stress. It has been well established that oxidative stress stimulates proinflammatory signaling cascades (14, 25) . Given that G6PD produces NADPH, which plays a crucial role in the regulation of cellular redox, we asked whether the increase of proinflammatory gene expression in macrophages mediated by G6PD is associated with oxidative stress. To address this, we investigated the expression of ROS-and RNS-producing genes and their products. As shown in Fig. 4A , iNOS expression increased significantly in G6PD-overexpressing macrophages. To determine the enzymatic activity of iNOS, the level of nitrate, which is spontaneously generated from nitric oxide (NO), was examined in conditioned media. In accordance with the observed level of iNOS gene expression, the amount of nitrate was higher in G6PD-overexpressing macrophages than in control macrophages (Fig. 4B) . Consistently, both basal and LPSinduced levels of iNOS mRNA were reduced in G6PD-suppressed macrophages (see Fig. S4 in the supplemental material). Moreover, the mRNA levels of NOX2 components (p40phox, p47phox, and p67phox) were also elevated by G6PD in macrophages (Fig.  4C) . However, the mRNA levels of ROS-scavenging enzymes, such as catalase and superoxide dismutase, were not altered by G6PD (see Fig. S5 in the supplemental material). These results led us to propose the idea that the G6PD-mediated increase in ROSand RNS-producing enzymes might confer cellular oxidative stress in macrophages. To test this, cellular ROS levels were determined using a fluorescent dye. As shown in Fig. 4D , the basal level of cellular ROS was increased by G6PD in primary macrophages. In addition, stimulation with hydrogen peroxide further augmented the level of cellular ROS in G6PD-overexpressing primary macrophages. In contrast, suppression of G6PD expression by siRNA reduced the level of cellular ROS in hydrogen peroxidetreated RAW 264.7 macrophages (Fig. 4E) . In these experiments, hydrogen peroxide did not affect the viability of primary macrophages and RAW 264.7 macrophages (see Fig. S6 in the supplemental material). These results imply that augmentation of G6PD would confer oxidative stress in macrophages.
In macrophages, ROS and RNS are important signaling molecules that promote various signal transduction pathways linked to proinflammatory responses (10, 11, 14, 26) . To elucidate the potential roles of ROS in G6PD-induced proinflammatory gene expression, macrophages were treated with the antioxidant NAC, and the level of MCP-1, a representative proinflammatory gene, was examined. As shown in Fig. 4F , NAC decreased the levels of MCP-1 mRNA in both control and G6PD-overexpressing macrophages, implying that the increased oxidative stress mediated by macrophage G6PD stimulates proinflammatory gene expression.
NADPH mediates the effects of macrophage G6PD on proinflammatory gene expression. NADPH participates in the regulation of redox potential as one of the key redox pairs. To determine whether the NADPH produced by G6PD is involved in oxidative stress and proinflammatory responses in macrophages, macrophages were treated with NADPH. Treatment with NADPH increased the level of intracellular NADPH in macrophages (see Fig.  S7 in the supplemental material). Further, NADPH elevated cellular ROS levels in macrophages (Fig. 5A ) and modestly stimulated the expression of proinflammatory genes and ROS/RNSproducing genes (Fig. 5B) . Therefore, these data indicate that the effects of macrophage G6PD on oxidative stress and proinflammatory responses are mediated, at least in part, by increased cellular NADPH.
p38 MAPK is activated by macrophage G6PD overexpression. It has been well established that oxidative stress in macrophages activates MAPK signaling cascades, which play an essential role in the regulation of gene expression (27) . Although all 3 MAPKs (ERK, p38 MAPK, and JNK) are activated by ROS, specific MAPKs appear to be activated, depending on the stimuli or cell types (28) (29) (30) (31) (32) . To understand the molecular mechanisms underlying macrophage G6PD-mediated regulation of inflammatory gene expression, we investigated whether macrophage G6PD affects MAPK activation. As shown in Fig. 6A , phosphorylation of p38 MAPK was evidently stimulated in G6PD-overexpressing macrophages, while phosphorylation of ERK and JNK was not altered. Furthermore, suppression of G6PD with siG6PD or DHEA obviously attenuated the phosphorylation of p38 MAPK when the cells were challenged with LPS ( Fig. 6B and C) . In addition, treatment with NADPH, an enzymatic product of G6PD, elevated the phosphorylation of p38 MAPK, and such increase was abolished by pretreatment with NAC in macrophages (see Fig. S8 in the supplemental material) . To clarify the involvement of p38 MAPK in G6PD-induced proinflammatory gene expression, G6PD-overexpressing macrophages were treated with a p38 MAPK inhibitor, SB 203580. The expression of proinflammatory genes, such as the IL-6 and IL-1␤ genes, was significantly downregulated by SB 203580 (Fig. 6D) , implying that p38 MAPK mediates the effects of G6PD on the expression of proinflammatory genes in macrophages.
Activation of NF-B contributes to the expression of proinflammatory genes in G6PD-overexpressing macrophages.
NF-B is a key transcription factor that is activated by oxidative stress and governs the expression of most proinflammatory genes. To examine the effect of G6PD on NF-B activation, we conducted luciferase reporter assays using NF-B-responsive elements. As shown in Fig. 7A , G6PD overexpression in macrophages significantly stimulated the transcriptional activity of NF-B. Furthermore, G6PD inhibitors, such as DHEA or 6-AN, attenuated the transcriptional activity of NF-B. To verify the involvement of NF-B in G6PD-induced proinflammatory gene expression, the activity of NF-B was repressed with BAY 11-7082, an inhibitor of IB phosphorylation. In macrophages, BAY 11-7082 reduced the levels of G6PD-induced IL-6 and MCP-1 mRNAs (Fig. 7B) . Moreover, suppression of NF-B p50 with siRNA greatly decreased the expression of proinflammatory genes and ROS/RNS-producing genes, which were upregulated by G6PD (Fig. 7C) . Therefore, these data suggest that the increase of G6PD in macrophages activates the transcriptional activity of NF-B, which leads to elevation of proinflammatory and oxidative-stress components in macrophages. 's t test) . (F) Insulin sensitivity in adipocytes treated with conditioned media from G6PD-overexpressing macrophages. RAW 264.7 macrophages were transfected with EGFP or G6PD expression vector, and then conditioned media were harvested. Fully differentiated 3T3-L1 adipocytes were treated with the conditioned media (24 h), followed by treatment with insulin (100 nM) for 30 min. Phosphorylation of AKT (S473) and GSK3␤ (S9) was detected using specific antibodies.
DISCUSSION
In obese animals, adipose tissues exhibit chronic and low-grade inflammation, which is a key contributor to various metabolic disorders, such as insulin resistance, type 2 diabetes, cardiovascular disease, and atherosclerosis. Recent data have suggested that dysregulation of several metabolites and their signaling pathways is closely associated with inflammatory responses (3, 33) . Here, we show that macrophage G6PD, an enzyme that regulates glucose flux, is elevated in the fat tissue of obese subjects and that macrophage G6PD promotes oxidative stress and proinflammatory responses, accompanied by p38 MAPK and NF-B activation.
It has been proposed that G6PD could act as an antioxidative enzyme by producing NADPH, a key reducing cofactor for reduction of glutathione, which could alleviate oxidative stress (34) (35) (36) . For instance, G6PD deficiency is a well-known human enzymopathy, which is characterized by hemolytic anemia due to increased susceptibility to oxidative stress in red blood cells (37) . However, it is noteworthy that NADPH is also an essential cofactor for prooxidative enzymes that generate ROS and RNS. For example, it has been demonstrated that activation or overexpression of G6PD increases NO production in RINm5F rat insulinoma cells and bovine aortic endothelial cells (38, 39) . Also, it has been reported that inhibition of G6PD decreases ROS and RNS in various cell types, including macrophages (40) , granulocytes (20) , and bovine colonary arteries (41) . Therefore, it is very likely that the physiological roles of G6PD might be dependent on cell types that have distinct microenvironments, with different levels of pro-oxidative and antioxidative enzymes. In this study, we have demonstrated that macrophage G6PD increases cellular oxidative stress by elevation of ROS/RNS production, while knockdown or inhibition of G6PD decreases cellular ROS.
It has been reported that G6PD is involved in the inflammatory responses of several immune cells. For example, macrophages derived from G6PD-deficient mice exhibit more anti-inflammatory potential than those from wild-type (WT) mice (42) . Also, mononuclear cells from G6PD-deficient patients secret fewer proinflammatory cytokines than those from normal subjects (43) . Furthermore, severe G6PD deficiency resembles chronic granulomatous disease in that granulocytes from G6PD-deficient patients have a defect in the respiratory burst responsible for killing bacteria in granulocytes (44) (45) (46) . In line with these findings, in the present work, we report that increased G6PD expression in macrophages promotes proinflammatory signaling cascades by augmenting oxidative stress. Therefore, previous reports and our current findings imply that macrophage G6PD would potentiate proinflammatory responses. Exposure to hydrogen peroxide or other stimuli that induce cellular ROS leads to activation of MAPKs (29) , while prevention of ROS accumulation with antioxidants alleviates MAPK activation (47, 48) , implying that MAPKs are key players in the propagation of oxidative stresses as a target of ROS. Although the mechanisms by which exogenously or endogenously produced ROS activates MAPKs are not yet thoroughly understood, several mechanisms have been proposed. In macrophages, we observed that G6PD selectively activated p38 MAPK, with slight activation of JNK or ERK. Interestingly, activation of p38 MAPK challenged with LPS was remarkably attenuated by suppression of G6PD via siRNA or DHEA. Furthermore, inhibition of p38 MAPK with SB 203580 repressed basal and G6PD-induced proinflammatory gene expression in macrophages. These results clearly suggest that activation of p38 MAPK plays a crucial role in macrophage G6PD-induced proinflammatory responses under pathophysiological stimuli.
In addition, we discovered that macrophage G6PD activated NF-B, which was assessed by its transcriptional activity and target gene expression. NF-B is a well-known master regulator of inflammatory responses (49) . Previously, it has been reported that ROS promotes the transcriptional activity of NF-B through several mechanisms, such as phosphorylation of RelA (12, 50) and activation of IB kinase (IKK) (51). Although we observed that inhibition of NF-B greatly suppressed G6PD-induced proinflammatory responses, we could not exclude the possibility that other transcription factors also contribute to G6PD-induced proinflammatory responses in macrophages. For instance, several transcription factors, such as Sp1, AP-1, p53, and HIF-1, have been reported to be redox-responsive transcription factors that appear to be differentially activated by oxidative stresses to exert proinflammatory responses (52, 53) .
Various cellular signaling pathways influence each other through biochemical and physiological cross talk. For example, the p38 MAPK pathway plays a role in NF-B activation (54) (55) (56) (57) . In this study, we revealed that macrophage G6PD activated p38 MAPK and NF-B, while suppression or inhibition of macrophage G6PD reduced both of them. In addition, we observed that inhibition of p38 MAPK attenuated the transcriptional activity of NF-B induced by macrophage G6PD (see Fig. S9 in the supplemental material). Taken together, these data suggest that G6PD-induced expression of proinflammatory cytokines might be mediated, at least in part, by p38 MAPK-dependent activation of NF-B. Nevertheless, it is still plausible that macrophage G6PD-mediated activation of p38 MAPK and NF-B constitutes a positive-feedback loop that amplifies proinflammatory responses.
Inflammatory diseases, including atherosclerosis (58), nonalcoholic steatohepatitis (59) , and heart failure (60), deteriorate via vicious cycles between oxidative stress and inflammation. Similarly, it appears that a vicious cycle may play a role in the progression of dysregulated fat tissue in obese subjects, which commonly exhibits chronic and low-grade inflammation due to the accumulation of ATMs. Our data suggest that macrophage G6PD supplies NADPH to stimulate pro-oxidative enzymes, such as iNOS and NADPH oxidase, leading to increased cellular RNS and ROS. Then, ROS and RNS induce the expression of NF-B-target genes, including ROS/RNS-producing enzymes and proinflammatory genes, which attenuate insulin signaling in adipocytes. Accordingly, we observed that knockdown of G6PD or treatment with G6PD inhibitors decreased cellular ROS and the expression of ROS/RNS-producing enzymes in macrophages. Therefore, it is reasonable to speculate that augmentation of macrophage G6PD might contribute to chronic and low-grade inflammatory signaling by accelerating a vicious cycle as follows: ROS/RNS¡p38 MAPK¡NF-B¡ROS/RNS-producing enzymes.
In the present study, we elucidated the pathophysiological roles of macrophage G6PD in obesity. Among the various environmental factors, FFAs and LPS promote G6PD expression in macrophages. Subsequent elevation of macrophage G6PD increases oxidative stress and activates p38 MAPK and NF-B, which eventually stimulate proinflammatory genes and ROS/ RNS-signaling cascades. Therefore, it appears that identifying the regulatory tools for macrophage G6PD could provide a promising treatment for inflammation-and/or oxidative-stress-linked metabolic diseases, such as obesity and type 2 diabetes.
